The importance of changes in elemental and fatty acid composition of the algal food for Daphnia galeata was investigated. The green alga Chlamydomonas reinhardtii was grown under nitrogen or phosphorus limitation to modify its elemental and biochemical composition. Both N-and P-limited slgae exhibited similar fatty acid compositions but differed from algae grown under N and P saturation. Nutrient iimitation of algae caused the amounts of saturated fatty acids, monounsaturated, and diunsaturated fatty acids to ncrease, but those of polyunsaturated fatty acids to decrease markedly. Life-history experiments with D. galeatu, carried out to examine the effects of the varying N and P regimes to the food quality of Chlamydomonas, revealed that N-limited and N+P-saturated algae were of a comparable quality. In contrast, P-limited alga was a very poor food; that is, both population growth and somatic growth rate were much lower than with N-and N+P-saturated algae. Differences of algal fatty acid composition did not explain the differences in algal food quality as N+P-saturated and N-limited Chlamydomonas were both similar in quality despite differences in fatty acid composition. P limitation of daphnid growth is more consistent with the observed differences in growth and reproduction. The low growth rates of the daphnids when fed P-limited alga, however, may also be a result of indirect effects because P limitation may induct changes in algal morphology or biochemical compounds other than fatty acids.
It is generally thought that Daphnia species are not able to discriminate between food particles differing in quality, in contrast to Calanoid copepods, which are able to distinguish similar-sized food particles by taste (Bern 1994; Butler et al. 1989; DeMott 1986) . Also, Daphnia species can only filter particles in the range of 0.5-50 pm (Geller and Muller 198 1; Gophen and Geller 1984) . Thus, daphnids completely depend on the quality of the seston, which, besides particle shape and size of algae or detritus, also depends greatly on the biochemical composition of the selected food particles (Ahlgren et al. 1992 ; Mtiller-Navarra 1995a). Particle uptake is followed by cell wall degradation, action of several digestion enzymes, and subsequently absorption of nutrients. Food nutrients include fatty acids, carbohydrates, amino acids, minerals, and vitamins. Because not all components needed for the synthesis of organic matter (lipids, proteins, carbohydrates) can be synthesized de novo, most animal species have a dietary requirement for these organic compounds. For lipids, these include linoleic (C18:206) and linolenic acid (Cl 8:303) . Because plants in general can synthesize essential fatty acids or their precursors, algae form the main source of these fatty acids for zooplankton grazers. Algae species vary in fatty acid composition, both in terms of quantity and quality, and algal food quality therefore depends on the algal species included in the daphnid diet. Because in many laboratory studies daphnids are fed green algae (Chlamydomonas, Chlorella, Scenedesmus), which in most cases seem to be adequate food, we investi- ' Corresponding author. gated the food quality based on fatty acids of one such alga, Chlamydomonas reinhardtii. In this paper we address the following main question: Do changes in fatty acid composition of Chlam,ydomonas lead to differences in food quality for Daphnia ghleata? Fatty acid composition of algae can be altered by v,arying growth conditions (i.e. light, temperature, input of nutrients, pH ; Roessler 1990 ). We therefore cultured Chlam:?domonas under both nitrogen and phosphorus limitation and under N and P saturation, hereafter called the standard condition. Lipids, fatty acids, and C, P and N were analyzed, and the nutritional quality of the Chlamydomonas for the cladoceran grazer D. galeata was tested in life-history experiments.
Material and methods
Chlamydomo.las and Daphnia cultures-Chlamydomonas reinhardtii was grown in l-liter continuous-culture vessels in medium described by Spaak and Hoekstra (1995) . P-limited alga was obtained by omitting NaH,PO,eH,O and (NH,),HPO,, reducing KH,PO, from 4.56 to 0.0456 mg P liter-l, and by adding supplementary Na,EDTA to culture medium to prevent mineral precipitation. For N limitation the concentratio.1 of KNO, was reduced 20-fold, from 69.2 to 3.46 mg N liter-l, (NH,),HPO, was omitted, and KC1 was added to a concentration of 350 mg liter-I. Culture conditions included a dilution rate of 0.3 d, temperature of 17"C, and a 16 : 8 L/D cycle. Algae were harvested daily, filtered through a 30-pm mesh filter to remove any clumps, and concentrated by centrifuging for 5 min at 2,500 rpm, and washed twice wth 0.45-pm filtered Lake Maarsseveen water, which is the water used for rearing daphnids. Algal concentration (mg C liter-') was determined spectrophotometrically using a calibration curve of extinction vs. C concentration in Chlamydomonas. The C content of algae was derived from COD measurements (Gulati et al. 1991 ).
Both algal C and N contents were measured with a Carbo Erba analyzer (model 1106), and P was measured with the molybdate method (Murphy and Riley 1962) as described by Gulati et al. (1991) .
Life-history experiments were carried out with one D. galeata clone (DGY l), originally isolated from IJsselmeer. The daphnids were cultured in filtered (0.45-pm) Lake Maarsseveen water at 17.5"C. The daphnids were fed with C. reinhardtii grown under standard conditions, and the density of the algae was kept constant at a concentration well above the incipient limiting level (ILL), which corresponds to a C concentration of 2.5 mg C liter-l.
Life-history experiments--From the Daphnia stock cultures, females were selected and the newborns from these females were collected within 12 h after birth and transferred to I OO-ml tubes filled with 0.45-pm filtered lake water. Algal concentration was kept at 2.5 mg C liter-' and media were refreshed daily to minimize bacterial growth and maintain a food level above the ILL. After every molt, the length of the animal was measured from the anterior side of the eye to the base of the tail spine. Numbers of eggs and newborns developed from these eggs were counted after every molt, and the newborns were thereafter removed from the test tubes. The experiment was stopped when the animals reached their fourth adult instar stage because such animals contribute little to the estimate of population growth rate as calculated from a life-table. Incubations were kept at 17.5"C, which allows comparison with data of life-history experiments reported previously (Boersma and Vijverberg 1994) .
For each food type, 10 replicates were used. Somatic growth rate was based on measurement of dry weight increase: 10 newborns were collected, dried, and weighed on a microbalance using preweighed aluminum boats. With 10 other newborns the experiment was continued and their dry weight was measured when the animals reached the first adult instar stage. Instantaneous somatic growth rate (gg,) and instantaneous population growth rates (r, using the EulerLotka equation [Stearns 19921 ) of the daphnids were calculated with the following equations: mixture contained 0.01% butylated hydroxytoluene (BHT, Sigma) to prevent autoxidation of polyunsaturated fatty acids (PUFAs) and solvents were flushed with N,; lipids were stored in chloroform under N, at -20°C. Neutral lipids were separated by thin-layer chromatography (TLC) on silica gel G plates (Merck) using a single developing solvent of hexane-diethyl ether-formic acid (80 : 20 : 2, vol/vol/vol). Lipids were then charred by spraying with 3% Cu(C,H,O,),H,O and 8% H,PO, and heated in an oven at 180°C for 15 min. Lipid samples were subjected to silica gel G column chromatography to separate neutral and polar lipids. Neutral lipids were eluted with 10 column volumes of chloroform and subsequently the polar lipids were eluted with 10 column volumes of methanol. After removal of the solvent, lipids were transmethylated in acidified methanol for 4 h (3% H,SO,; Blau and Darbre 1993) and fatty acid methyl esters (FAMES) were extracted with hexane. Heneicosanoic acid (C2 1 :0, Sigma) was used as an internal standard. FAMES were analyzed on a Hewlett-Packard HP-5890 capillary gas chromatograph (GC) equipped with a BPX70 column (dimensions, 0.22 mm by 25 m, 0.25-pm film thickness, SGE), and FAMES were detected with a flame-ionization detector. Samples were injected splitless and He was used as the carrier gas. FAMES were tentatively identified by comparisons with retention times of standards (Sigma, Altech) and by mass spectral analysis (Hewlett-Packard mass selective detector HP-5970). For all GC analyses the initial oven temperature was 5O"C, which rose on injection to 130°C at 40°C min 1 and was further programmed to 230°C with a temperature increase of 3°C min-l to separate FAMES of interest.
Results where W, is the dry weight at age of maturity after t days and W, is the dry weight of newborns; and 1 = 2 e-'" X 4 X m,,
where r is the per capita rate of increase for the population, x is age class, I, is the probability of surviving to age x, and m, is the fecundity at age x. Because r is a population parameter, the standard error of r was calculated using the Jacknife method (Meyer et al. 1986 ).
Lipid and fatty acid analysis-Algae were centrifuged and then freeze-dried. Lipids were isolated from 1 to 3 mg of lyophilized algae using 2 ml chloroform-methanol (2 : 1, vol/ vol) as the extracting solvent. The extraction was repeated twice, and the solvent was washed twice with 0.88% NaCl according to Folch et al. (1956) . The chloroform-methanol Lipid, fatty acid, and elemental contents of Chlamydomonas-changing the growth conditions from P and N saturation (i.e. standard growth condition) to either P or N limitation caused marked changes of lipids in C. reinhardtii. Polar lipids were most abundant in standard algae, whereas neutral lipids were the most abundant lipid fraction in P-and N-limited algae. The decrease in the polar : neutral lipid ratio was most marked in P-limited algae-from 4.25 : 1 in standard algae to 0.27 : 1 in P-limited algae. In N-limited algae, it decreased to 0.81: 1 (Table 1) . P and N limitation also caused a massive increase of triacylglycerols in both P-and N-limited algae (Table 1) . On the other hand, these storage lipids were hardly detectable in algae grown under standard conditions. Lipids of C. reinhardtii grown under standard conditions contained mainly hexadecanoic and octadecanoic fatty acids and only traces of other fatty acids ( Table 2 ). The major fatty On nutrient limitation the essential 03 fatty acids decreased significantly, but those of the 06 fatty acids increased, mainly due to a large increase of linoleic acid. In general, both P and N limitation caused an increase of saturated, monounsaturated, and diunsaturated fatty acids, but PUFAs and the 03 : 06 ratio decreased (Table 2) . Elemental analysis showed that the contents of C of the three algal groups were fairly similar, but as expected those of N and P differed (Table 3 ). Algae grown under P limitation had a C : P ratio 12.5 times higher than that of the algae grown under standard conditions, caused by the lower 2.0 .
E+ -5 1.5. 5 2 3 1.0. Fig. 1 . Length of Daphnia galeatu during the larval and adult development. After every molt the daphnids were measured (bars indicate the 95% C.I. of the mean). Daphnids were raised on three different food types: Chlamydomonas reinhardtii standard (A), Nlimited algae (Cl), and P-limited algae (0). P content. In addition, both N-and P-limited algae contained about half as much N as in standard algae (7.57% of DW). N-limited algae contained slightly less P, whereas the percent N was reduced -50%.
Life-history experiments of Daphnia-New borns were -0.68 mm in length and increased to -2 mm on feeding with both stanclard and N-limited algae (see Fig. I ). The length increasecl at a much slower rate and the animals remained smaller when fed P-limited algae. These differences were more pronounced as changes in DW were measured (Table 4) . During the first four instars, the increase in DW was 5.73 and 7.01 pg d-1 for standard animals and N-limited ones, respectively, but only 2.67 pg d-l for P-limited animals. Daphnids fed on standard or N-limited algae produced, respectively, on average 39.5 and 43.4 newborns during three adult instars (Table 4) . In both cases, developing eggs appeared, as usual, during the fifth instar, marking the first adult instar stage (Table 4) . Egg and newborn production increased with every instar stage-from 3 to 6 newborns for the first adult instar to 10 to 15 for the fourth adult instar.
Feeding P-limited algae to daphnids caused major changes in life-history characteristics. First, daphnids became adults at the sixth instsr stage instead of the usual fifth stage, and it took 10.4 d to reach maturity compared with only 6.1-6.5 d in the standard and N-limited animals. Second, an extremely high egg abcrtion-resorption rate was observed-more than half the number of eggs counted on the first day of Table 4 . Life-history traits of Daphnia galeata fed with Chlumydomonas reinhardtii, including time to reach maturity (d), total numbers of newborns produced during the experiment, total egg mortality during the whole experiment, intrinsic rate of population growth r (d-l), somatic body growth during the juvenile period (pg DW d-l), and somatic growth rate g, (d-l) of juveniles. All values except egg mortality are given with 2 X SE (95% CL.). adult instars did not develop into viable newborns (Table 4) . Third, the intrinsic rate of population growth in daphnids fed with P-limited algae was very low (r = 0.062) compared to daphnids fed with standard algae (r = 0.263) or N-limited algae (r = 0.270). Fecundity of daphnids fed N-limited and standard algae did not differ significantly; however, the somatic growth rate of daphnids was significantly higher when fed N-limited vs. standard algae (t-test, P < 0.05; DW increase, t = 2.72, df = 18; g,, t = 3.55, df = 18).
Life

Discussion
The fatty acids, present in triacylglycerols and phospholipids, are used by daphnids for metabolic energy production, have important structural and complex physiological roles (phospholipids), and regulate membrane fluidity. Absence of these essential compounds would certainly lead to deficiencies. Basically, almost all herbivores and omnivores have a dietary requirement for two essential fatty acids that cannot be synthesized de novo, i.e., linoleic and linolenic acid (C18:206 and C18:303, respectively). However, some invertebrates have been found that are capable of synthesizing linoleic acid (Cripps et al. 1982 ) and, as a consequence, are not completely dependent on intake of linoleic acid with their diet (Stanley-Samuelson et al. 1988 ). Linoleic and linolenic fatty acids are precursors for long-chained PUFAs such as arachidonic acid (C20:4ij6) and eicosapentaenoic acid (EPA, C20:503). Both C20:406 and C20:5i;>3 are intermediates of prostaglandins and leukotrienes, molecules that mediate important processes in invertebrate physiology (Stanley-Samuelson, 1994) . We found the chlorophyte C.
reinhardtii to contain mainly Cl6 and C 18 fatty acids (including C18:206 and C18:3ij3), but none were detected with a chain length larger than Cl8 and a higher degree of unsaturation (other than C18:303 and C18:4). This is in full accordance with the fatty acid composition of this alga reported by Eichenberger (1976) and Giroud et al. (1988) .
Flagellates (Cryptomonas, Rhodomonas) and diatoms (Stephanodiscus, Cyclotella) contain large amounts EPA and DHA. The superior quality of these algae has been attributed by several authors (Ahlgren et al. 1990 (Ahlgren et al. , 1992 Miiller-Navarra 1995a,b) to these PUFAs. In green algae, long-chained PUFAs are absent; however, these algae contain large amounts of PUFAs with a C chain length of 16 and 18. Although C. reinhardtii does not contain EPA or other longchained PUFAs, we consider it as an adequate food because the animals develop normally and r-values for D. galeata fed with other green algal species are comparable to the values reported by Boersma and Vijverberg (1995) , who fed Daphnia with Scenedesmus obliquus and Chlamydomonas globosa. The poor food quality of cyanobacteria may, in addition to toxicity and morphology, also be due to the complete lack of long-chained PUFAs or to the relatively small amounts of Cl8 PUFAs.
Because C. reinhardtii did not contain EPA, it implies that this fatty acid is not essential for D. galeata. However, Daphnia may grow better when it has a direct dietary source of EPA (e.g. Rhodomonas) (DeMott and Mtiller-Navarra 1997; Weers and Gulati 1997; Sundbom and Vrede 1997) . Because the precursor for EPA synthesis is found in high levels in C. reinhardtii, D. galeata might be able to desaturate and elongate linolenic acid into C20 PUFAs. Although the overall fatty acid synthesis in Daphnia pulex is low according to Goulden and Place (1990) , these authors did not investigate desaturase and elongation rates. Besides, there may be differences between Daphnia species in fatty acid metabolism. Therefore, it is possible that the enzymatic conversion activity might be sufficient to meet metabolic needs.
Interestingly , This observation indicates the existence of some chain-elongation and desaturation activity. Mtiller-Navarra (1995a), who studied the relationship of seston food composition (C, P, N, and fatty acids) for D. galeata, found a strong correlation between seston EPA and D. galeata growth rates. She suggested a limitation of EPA under field conditions during most of the summer for D. galeata, thus emphasizing the importance of this single fatty acid for Daphnia. However, direct evidence for the importance of EPA to Daphnia has not yet been reported. Moreover, in our study, Daphnia grew well on a diet of Chlamydomonas (thus without EPA), and therefore EPA might not be limited directly.
Changing the P or N regimes in the C. reinhardtii cultures caused marked shifts from polar to neutral lipids in this alga, mainly due to an enormous increase in triacylglycerol levels. Such shifts were reported also by Piorreck et al. (1984) in cultures of other green algae (Chlorella vulgaris and S. obZiquus). In contrast, in the cyanobacteria Oscilatoria rubestens and Spirulina platensis, composition of lipids and fatty acids did not change when subjected to different N regimes; therefore, these changes in response to nutrient limitation might be typical for green algae species, at least under Nlimited conditions. Although lipid levels have been shown to increase under N limitation (Shifrin and Chisholm 1981; Roessler 1990 ), the fatty acid content during our experiments did not increase for N-limited C. reinhardtii. On the other hand, the fatty acid composition of Chlamydomonas grown under N or P limitation differs markedly from standard algae. A clear shift from PUFAs to monosaturated and saturated fatty acids occurred and the 03 : 06 ratio decreased. We expected that the observed lower degree of unsaturation of fatty acids would result in lower food quality of the diet, as shown for vertebrates (Harris 1989) .
Despite these differences in lipids and fatty acids in both standard and N-limited algae, quality of these two food types is similar for D. galeata because the animals fed on these food types show similar life-history characteristics. We now think that the differences we observed in fatty acids in C.
reinhardtii do not affect the quality of the food. Although unsaturation clearly decreases, none of the fatty acids seem to limit Daphnia growth and reproduction. Moreover, we found the concentration of linoleic acid-the precursor for synthesis of arachidonic acid (Stanley-Samuelson 1994)-to increase. On the other hand, linolenic acid (the precursor for EPA) is strongly reduced, but apparently is still high enough to meet the metabolic needs. The decreased 03 : 06 ratio in N-limited algae did not result in decrease in food quality, although an imbalanced 63 : 06 ratio may lead to effects on food quality, as is known for shrimps (Harrison 1990) .
In contrast to N-limited algae, P-limited algae are an extremely poor food for D. galeata, especially in view of the increase in age needed to reach maturity, the decrease in number of newborns produced, and the increase in egg mortality to 50%. Furthermore, we observed difficulties in molting (i.e. the old molt frequently attached to their body), as has also reported by Sterner et al. (1993) in feeding daphnids with severely P-limited Scenedesmus acutus. The extra juvenile stage that we observed in animals with P-limited algae was also reported by Boersma and Vijverberg (1994) in daphnids reared at food levels below the ILL. The severe P limitation of C. reinhardtii causes a strong decline in food quality. Researchers have suggested that both dietary N and P may be important factors in determining food quality for crustacean zooplankton (Hessen 1992; Urabe and Watanabe 1992; Sterner 1993) , although this observation represents a major point of discussion (Brett 1993; Urabe and Watanabe 1993; Hessen 1993; Sterner 1993; Mtiller-Navarra 1995a,b) .
The importance of P is related to its presence in phospholipids, adenosine phosphates, and nucleic acids (which can incorporate the dietary P), and threshold levels can be calculated on the basis of P per unit C or DW. Amino acids contribute to the ingested N, and the amount of individual essential amino acids may determine algal food quality. Therefore, threshold levels for N are difficult to calculate on the basis of N per unit C (see discussions of Brett 1993; Urabe and Watanabe 1993; Hessen 1993; Sterner 1993) . According to Mitchell et al. (1992) and Sterner et al. (1993) , N-limited algae are lower in food quality than are standard (log-phase) cells, but are still higher in quality than are severe P-limited algae. In contrast, we did not find differences in food quality between standard and N-limited algae, possibly because the amounts of individual amino acids were still sufficient and Nlimitation was consequently not yet severe.
Among the crustacean zooplankton, Daphnia spp. contain the highest amount per unit body weight of P making this genus potentially the most sensitive to a short supply of P (Andersen and Hessen 1991; Hessen and Lyche 1991) . The concentration of P in our P-limited Chlamydomonas culture was 3.2 pg P (mg C)-I, which is well below P-threshold levels reported by several authors-6.7-12 pg P (mg C)-l for D. galeata (Urabe and Watanabe 1992) and 16-20 pg P (mg C))I for Daphnia spp. (Hessen 1992) . Sterner (1993) suggested a higher P threshold than did Urabe and Watanabe and proposed that at 0.70-1.2%' P of DW (= 14-24 /Ag P (mg C) -I, assuming a DW: C ratio of 2 : l), P became a limiting factor. In our study, P contents for standard and Nlimited C. reinhardtii were both well above the threshold levels mentioned earlier-40 pg P (mg C) I (standard) and 32 pg P (mg C-l (N limited). These foods were therefore not P limiting for Daphnia growth according to the abovementioned reports. Interestingly, in a laboratory experiment, Mtiller-Navarra (1995b) used P-limited and P-saturated algae as food for D. galeata and showed that P-starved Cyclotella was a higher quality food than P-saturated Scenedesmus.
Miiller-Navarra indicated that P was not the cause of the low food quality of P-starved Scenedesmus. Other factors may be responsible for food quality differences between Cyclotella and Scenedesmus, especially in view of the use of different algae spl=cies differing in morphology and biochemistry that possibly affect Daphnia food quality.
A recent study by Urabe et al. (1997) showed that P limitation is real, although it accounted for 18% of the low food quality of their P-stressed Scenedesmus. Other factors must also be responsible for the low food quality of P-stressed algae. The green algae Scenedesmus supspicatus and Selenastrum capricornotum grown under P-limited conditions and fed to D. pulex showed enhanced resistance compared with P-saturated a1gt.e (Van Donk and Hessen 1993, 1995) . Scanning electron microscopy showed that S. capricornotum changes its appearance drastically and increases its cell volume by a factor of two upon P limitation. These morphological changes in algae grown under P-limited conditions may result in the observed enhanced resistance to Daphnia grazing, which is probably due to a reduced cell wall digestibility (Van Donk and Hessen 1993, 1995) . Van Donk et al. (1997) also showed that P-stressed Chlamydomonas was not efficiently assimilated because they had greatly thickened cell walls that often passed through the gut intact. A mutant strain OF Chlamydomonas that lacked the cell wall was assimilated as efficiently when P stressed as when P saturated. The decrease in food quality using P-limited algae can be a result I3f direct P effects as well as indirect effects caused by both biochemical and changes in cell wall morphology. This I;ombination of direct and indirect effects makes results of experiments studying food quality for zooplankton of algae grown under different nutrient regimes difficult to interpret. Moreover, we need to know more about Daphnia metabolism in order to understand the role of food quality on the life-history parameters.
